The Jurassic shale in the Tarim Basin, as one of the important source rocks within the basin, is identified as a set of typical continental sedimentation with big hydrocarbon-generating potential. The diagenetic process and pore evolution characteristics of the Jurassic shale were studied based on geochemical and reservoir bed properties analyses and scanning electron microscope (SEM) observation. The results show that the Jurassic shale shows low-porosity and low-permeability, the mineral composition is mainly of clay mineral and quartz; the shale underwent three diagenetic evolutionary stages, namely syngenetic to Period A of early diagenetic stage, Period B of early diagenetic stage and Period A of middle diagenetic stage; during this process, the shale underwent a series of changes such as hydrocarbon generation of organic matter, conversion from original minerals to illite, formation of authigenic minerals, recrystallization and corrosion; meanwhile, porosity and permeability also underwent the evolutionary processes including rapid reduce of primary pore and development of secondary pore. The pore development within shale is mainly controlled from three aspects, namely material composition of rock, diagenesis and later tectonic reworking.
INTRODUCTION
As a very important unconventional resource, shale oil and gas is developing rapidly (Warlick, 2006; Thomas, 2011; BP, EIA, 2013) . Many studies show that shale can develop plentiful micro pores even though it belongs to low-porosity and lowpermeability reservoir bed, and these pores provide essential space for the oil and gas accumulation within shale (Franks et al., 2010; Huang, 2011; Zeng, 2011; Bai, 2012; Zou et al., 2013) . The formation of this kind of reservoir space is not only closely related to the material composition of rock, but also related to the burial evolutionary process and later reworking of shale.
Previous relevant studies on interior pore space of shale mainly focus on the typical marine shale in North America and South China, but rarely on continental shale. Besides, most of these studies describe the development status of present pores. Thus, it is very significant to study the diagenetic process, pore evolution and its main controlling factors of Jurassic continental shale in the Tarim Basin, which can help discuss the oil and gas occurrence mechanism so as to perfect the relevant oil and gas accumulation theories of continental shale.
GEOLOGICAL BACKGROUND
The Tarim Basin is the largest inland basin of China and develops many tectonic units and thick marine, marine-continental and continental strata under multi-period tectonic movement since Sinian (Fig. 1) . It is the only basin that has both marine and continental reservoir beds, both carbonate rock and clastic rock reservoir beds, and both marine and continental source rocks in China. There is huge oil and gas resource potential and abundant conventional oil and gas reservoirs have been discovered in the Tarim Basin (Li et al., 2000; Zhang et al., 2002 Zhang et al., , 2007 CMLR, 2010) . The Jurassic shale in the Tarim Basin is a set of typical continental source rock and mainly formed in the swamp and semi-deep to deep lakes environments, occurring in the piedmont depressions such as Kuqa Depression, Southwest, Northeast and Southeast areas of Tarim Basin. In these areas, the shale develops better and thicker in the former two and relatively doesn't develop in the later two (Jin and Lv, 2000; Zhao and Zhang, 2002; Gao et al., 2003; Wang et al., 2004; Zhao et al., 2005a; Liu et al., 2009) . Earlier studies on Jurassic shale are mostly in the Kuqa Depression and Southwest Tarim area, and the shale was evaluated as source rock of conventional oil and gas reservoir (Zhao and Zhang, 2002; Liang et al., 2004; Wang et al., 2004; Zhao et al., 2005a; Zhao et al., 2005b; Zhou et al., 2005; Da et al., 2007; Li et al., 2007; Zeng et al., 2011) . The Jurassic shale is identified as a set of important coal-measure source rock with big hydrocarbon-generating potential, and has been proved as the source of many discovered oil and gas reservoirs (Jin and Lv, 2000; Zhao and Zhang, 2002; Gao et al., 2003; Wang et al., 2004; Zhao et al., 2005a; Liu et al., 2009; Li, 2011; Wu et al., 2011) .
In this paper, diagenetic process and pore evolution characteristics of Jurassic continental shale are studied, and Kuqa Depression and Southwest Tarim area are chosen as sampling areas with the sample sites shown in the Figure 1 . In total, 130 samples were collected and the lithology shows mainly gray black, gray green, green gray, black mudstone, shale and silty shale; the samples are from Yangxia Formation of Lower Jurassic (J 1 y) and Kezilenuer Formation of Middle Jurassic (J 2 kz) in the Kuqa Depression, and Yangye Formation of Middle Jurassic (J 2 y) in the Southwest Tarim area. Besides, 87 samples are selected to do geochemical, mineral composition and rock physical properties analysis and scanning electron microscope (SEM) observation, so as to study the diagenetic process and pore evolution characteristics of Jurassic continental shale.
SHALE CHARACTERISTICS AND ITS DIAGENETIC EVOLUTION
The Jurassic shale in the Tarim Basin is mainly of dark mudstone, shale, carbonaceous mudstone, carbonaceous shale interbedded with silty mudstone and coal seam that were deposited in the shallow to semi-deep lake, swamp to shallow lake, fan delta, flood plain and river to swamp environments. The organic matter is mainly of Type III with less Type II, has moderate thermal maturity and favorable gas-generating potential. The Jurassic shale in the Kuqa Depression and Southwest Tarim area has higher organic matter abundance and thermal maturity. The TOC is 0.5%~3.0% with the highest value higher than 6.0%, and the organic matter is mainly at mature and high mature stages. In the Northeast Tarim area, the Jurassic shale has TOC between 0.5%~2.0%, and the organic matter is mainly at immature and low mature stages while only mature in the Yingjisu Sag center.
Reservoir bed characteristics of shale

Mineral composition
The Jurassic shale in the Tarim Basin is mainly of gray black mudstone, silty mudstone, carbonaceous mudstone and silt-bearing shale, with clay mineral content between 32%~72% and quartz content between 18%~58% (Fig. 2) . Meanwhile, the content of orthoclase and anorthose is 1%~6%, and that of carbonate is mostly less than 5% but only high in some specific samples. There are some authigenic minerals such as siderite and pyrite, and the content is mostly lower than 5%. Among the clay minerals, the contents of illite and I/S (illite/montmorillonite) mixed layer are high while the content of kaolinite and chlorite is relatively low, and their contents are 20%~42%, 24%~60%, 10%~38% and 10%~27%, respectively (Fig. 2) .
Physical properties
The porosity of Jurassic shale in the Tarim Basin is mainly between 0.5%~4.0% with the mean value as 2.06%. The number of samples with porosity between 0.5%~4.0% accounts for 85.4% of total sample number, so 0.5%~4.0% is the main range for pore development. The permeability is 0.005~1×10 -3 µm 2 with only one sample higher than 1×10 -3 µm 2 , and mostly 0.006~0.01×10 -3 µm 2 with the mean value as 0.007×10 -3 µm 
Diagenesis and pore evolution of shale
The mineral composition and pore structure of Jurassic shale in the Tarim Basin changed with the thermal evolution of organic matter during the burial process, such as the illitization of feldspar, kaolinite and montmorillonite, ordered arrangement of I/S mixed layer, reduce of primary pore, and development of secondary pore and tectonic fracture (Guo et al., 2003; Ying et al., 2004; Huang, 2011; Zeng, 2011; Bai, 2012; Jia 2012) . The Jurassic shale in the Tarim Basin is mostly at the period A of middle diagenetic stage (Middle A) at present and only partly reached the period B of middle diagenetic stage (Middle B) or even late diagenetic stage due to deep buried depth. Specific to different tectonic units of Tarim Basin, the development processes of minerals and pores are very different due to the diversity of burial process and thermal evolutionary process of shale. Combined with the observation of shale sections, the diagenesis and pore evolution of shale in different areas of Tarim Basin are studied according to the analysis of burial history, mineral composition and thermal evolution degree of organic matter.
Kuqa Depression
The Jurassic shale in the Well YN2 of Kuqa Depression is generally at the burial process with long period of shallow bury and short period of deep bury after its sedimentation, and has been through three big-scale uplifts during middle Yanshanian (late Jurassic-early Cretaceous), late Yanshanian (Paleocene-Eocene) and late Himalayan (Pliocene-present) successively (Fig. 4) . During the evolution, the Jurassic shale evolves from syngenetic to Middle A diagenetic stage. Since middle Jurassic, montmorillonite, kaolinite and feldspar began illitization; among I/S mixed layer, illite content increased while montmorillonite content decreased and the arrangement become ordered. The compaction effect increased and the primary intergranular and intercrystalline pores decreased with the sedimentation of overlying Jurassic strata. As the shale got into middle diagenetic stage since early Cretaceous, the organic matter began to generate abundant hydrocarbon, organic acid formed, CO 2 dissolved into ground water and formed carbonic acid, secondary pores such as recrystallization pore, organic pore and dissolved pore increased gradually, and the tectonic fracture increased due to increasing later tectonism.
Southwest Tarim Basin
The Jurassic shale in the Kuzigongsu Section of Southwest Tarim area is at a continuing subsidence status since its sedimentation, resulting in increasing compaction effect and decreasing primary pore, and underwent severe uplift under the later tectonism of Himalayan since Pliocene. During the continuing and deep burial process, montmorillonite, kaolinite and feldspar began illitization, montmorillonite belt of I/S mixed layer evolved into unordered, ordered and superlattice ordered mixed-layer belt and the montmorillonite content decreased at the late period of late Jurassic. In the late Jurassic, the shale got into the Middle A diagenetic stage, the organic pore and dissolved pore increased when organic matter began to generate abundant hydrocarbon, organic acid formed and dissolution effect increased. In the middle Cretaceous, the shale began reach the Middle B diagenetic stage, the montmorillonite content of I/S mixed layer decreased lower than 15%, abundant hydrocarbon and secondary pore were formed; in the late Pliocene Himalayan, secondary tectonic fracture relatively increased due to significantly increased tectonic movement so as to improve the reservoir bed properties of shale (Fig. 5) . To sum up, the Jurassic shale in the Tarim Basin is mainly at the Middle A diagenetic stage, Ro (vitrinite reflectance) is 0.5%~1.0%, the clay minerals are mainly of illite and I/S mixed layer with some kaolinite and chlorite, and the I/S mixed layer is mostly ordered mixed-layer belt with the montmorillonite content between 15%~25%. There are not only secondary pores such as organic pore, dissolved pore and recrystallization pore, and primary residual pore in the shale, but also secondary interlayer fracture, joint fracture and tectonic fracture that are caused by tectonic movement. 
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MAIN FACTORS CONTROLLING PORE DEVELOPMENT OF SHALE
The mineral composition is the material basis for forming reservoir space within the shale, and this material basis underwent different types and degrees of diagenesis during later burial and diagenetic process, forming various types and scales of pores so as to control the reservoir properties of shale (Wang and Zhou, 1992; Franks et al., 2010; Huang, 2011; Zeng, 2011; Bai, 2012; Wu et al., 2012; Zou et al., 2013) . The Jurassic shale in the Tarim Basin is mainly composed of clay minerals, quartz and feldspar, and some authigenic minerals such as calcite, dolomite, siderite and pyrite. The clay minerals are mainly of illite and I/S mixed layer with some kaolinite and chlorite. These minerals underwent complex diagenetic evolution, including compressional deformation of slab-flaky minerals, illitization of kaolinite, and corrosion of feldspar and carbonate minerals, with the changing temperature and pressure during burial and diagenetic process of shale (Ren and Chen, 1984; Gao and Yin, 1988; Wang and Ouyang, 1993; Guan et al., 2003; Huang et al., 2009; Zou et al., 2013) . Thus, the primary pore decreased and the secondary pore increased, so as to influence the reservoir properties of shale.
From syngenetic to period A of early (Early A) diagenetic stage, the Jurassic shale in the Tarim Basin has relatively shallow burial depth, mostly lower than 1000m, relatively low temperature, mostly lower than 50~65˚C, Ro is mainly smaller than 0.35% (Fig. 6a) , the organic matter is at immature stage and underwent some degree of biochemical hydrocarbon generation under superficial biochemical effect (Huang et al., 1984; Chen et al., 1997; Zhao et al., 1998; Lu and Zhang, 2008; Liu, 2009; Zeng, 2011) , but the mineral matrix doesn't change much. Meanwhile, I/S mixed layer is mainly of montmorillonite belt (Fig. 6b,c) . In this period, the Jurassic shale in different areas of Tarim Basin has similar burial depth but very different time of diagenetic evolution due to different thermal history. It took relatively shorter time for the Jurassic shale in the southwest Tarim area to get into Early A diagenetic stage since its sedimentation, but longer time for the Jurassic shale in the Kuqa Depression, indicating that there is a big difference between diagenetic evolution of shale in different areas under different burial process and thermal history background.
886
Diagenetic process and pore evolution of Jurassic continental shale in Tarim In the period B of early (Early B) diagenetic stage, the Jurassic shale in the Tarim Basin is mostly buried within 1000~1500m, with the temperature between 65~85˚C. Montmorillonite began to convert to illite, I/S mixed layer changed from montmorillonite belt into unordered mixed-layer belt, and the montmorillonite content of I/S mixed layer decreased to 50%~70% (Fig. 6b,c) . The Jurassic shale in the Kuqa Depression and southwest Tarim area entered the Early B diagenetic stage at about 175Ma and 185Ma, respectively. From Early A to Early B diagenetic stage, the Jurassic shale in the Tarim Basin inherited the former geotemperature distribution characteristics, namely higher in the southwest Tarim area and lower in the Kuqa Depression. Thus, the Jurassic shale got into the Early B diagenetic stage earlier in the southwest Tarim area and later in the Kuqa Depression.
In the Middle A diagenetic stage, the Jurassic shale in the Tarim Basin is mostly buried at 2000~2800m, and the start time is about 140Ma and 165Ma for Kuqa Depression and southwest Tarim area, respectively. From Early B to Middle A diagenetic stage, the evolutionary processes of Jurassic shale in Kuqa Depression and southwest Tarim area lasted for 35Ma and 20Ma, respectively. In the Middle A diagenetic stage, I/S mixed layer changed from unordered into ordered mixed layer, the illite content continued to increase while the montmorillonite content is 50%~15% (Fig. 6b,c) ; abundant authigenic minerals such as calcite, dolomite, chlorite and siderite were formed (Fig. 6d) ; the Jurassic shale began to generate a large amount of hydrocarbons, forming organic pore associated with organic acid, CO 2 and water, resulting in the corrosion of feldspar, carbonate and siderite, so as to improve the reservoir properties of shale (Wu et al., 2012) ; and the continuously generated hydrocarbons increased the interior pressure of shale, which is favorable for the preservation of pore (Huang et al., 1984; Zhao et al., 1996; Chen et al., 1997; Zhao et al., 1998; Zhao et al., 1999; Guan et al., 2003; Lu and Zhang, 2008; Liu, 2009 ).
The above study shows that there are dissolved pore and residual pore that were caused by organic matter generating hydrocarbon within the Jurassic shale in the Tarim Basin. Besides, shrinkage pore was also developed due to the volume decrease of organic matter while generating hydrocarbon, and mainly occurs on the edge of organic matter and mineral matrix or inside the organic matter. This obviously increasing process of secondary pore can be clearly reflected on the curve of shale porosity changing with burial depth. With increasing burial depth of shale, the compaction effect enhances and primary pore and porosity gradually reduces, but there is a depth range of increasing porosity in the Middle A diagenetic stage (corresponding to the burial depth of 2800~5200m; Fig. 6e) .
Nowadays, the Jurassic shale in the Tarim Basin is mostly in the Middle A diagenetic stage with partly in the Middle B diagenetic stage, and almost all the montmorillonite has converted to illite (Fig. 6c) , Ro is 1.2%~2.0%, the organic matter generates abundant hydrocarbons, and many secondary pores are formed (Fig. 7a,b) .
The tectonic reworking that shale underwent during burial and diagenetic process, especially in the later period, is significant to the formation of secondary fracture and the improvement of reservoir properties. Meanwhile, the development of secondary fracture is also closely related to the mineral composition of shale. The more the brittle minerals such as quartz and carbonate are, the stronger the brittleness of shale is and easier to form fractures under some certain stress. The above study has already showed that the brittle mineral (such as quartz) content is high in the Jurassic shale in the Tarim Basin, resulting in various micro-fractures such as secondary interlayer fracture, joint fracture and tectonic fracture to connect the micro-pores within the shale, forming a pore-fracture network, so as to improve the reservoir properties of shale.
Actually, the diagenetic process and pore evolution of shale is a very complex process that are controlled by multiple factors. The original detrital component of shale is the material basis, and the diagenetic environments including temperature, pressure, ground water conditions are the key conditions (Sun and Jin, 2000) . Comprehensive analysis of burial history, thermal evolution history and pore type of the Jurassic shale in the Tarim Basin shows that the reservoir properties of shale are controlled by mineral composition, diagenesis, thermal evolution of organic matter and tectonic reworking. Among them, mineral composition and organic matter abundance are the material basis for forming reservoir space of shale and decide the compaction resistance, hydrocarbon-generating potential, corrosion capacity, solubility and brittleness of shale in the later burial and evolutionary process. Compaction is the major pore-reducing factor, the pore volume of the Jurassic shale samples in the Tarim Basin reduced by 93.6%, which is from 0.0137ml/g to 0.00087ml/g with the burial depth changing from 820m to 5000m; hydrocarbon generation of organic matter, corrosion and tectonism are important for increasing pore, the pore volume of shale samples increased about 0.01ml/g on the basis of compaction reducing pore in the burial depth range from 2800m to 3500m due to the formation of secondary pore (Fig. 7b) . Specific to the pores with different diameter, the volume change is similar to that of total pore volume even though the vertical depth range for secondary pore development and increased range of pore volume are different (Fig. 7c,d,e) . In general, the reservoir properties of Jurassic shale in the Tarim Basin are controlled from three aspects, namely material composition of rock, diagenesis and later tectonic reworking. Among them, the effects of compaction, hydrocarbon generation of organic matter and corrosion of diagenesis are more obvious.
CONCLUSIONS
(1) The mineral composition of Jurassic shale in the Tarim Basin is mainly of clay mineral and quartz with the content as 32%~72% and 18%~58%, respectively. Secondary is the feldspar, and some authigenic minerals such as carbonate, siderite and pyrite. The clay minerals is mainly of illite and I/S mixed layer with the content as 20%~42% and 24%~60%, respectively, and the content of kaolinite and chlorite is relatively low, mostly smaller than 30%. The porosity and permeability of Jurassic shale in the Tarim Basin are mainly between 0.5%~4.0% and 0.005~1×10 -3 µm 2 , respectively. (2) The Jurassic shale in the Tarim Basin underwent three diagenetic evolutionary stages, namely syngenetic to Early A, Early B and Middle A diagenetic stages, with only part area in Middle B or even late diagenetic stages. And the shale has been through a series of processes including hydrocarbon generation of organic matter, conversion of clay minerals, formation of authigenic minerals, corrosion and tectonic reworking. The Jurassic shale in the Tarim Basin is mostly at the Middle A diagenetic stage at present. The clay minerals are mainly of illite and I/S mixed layer, and the I/S mixed layer is mostly ordered mixed-layer belt with the montmorillonite content between 15%~25%. There are secondary pores such as organic pore, dissolved pore and recrystallization pore, primary residual pore and micro fracture in the shale. Only part of shale that was buried deeply reached the Middle B diagenetic stage, the montmorillonite is mostly converted to illite, secondary pore and micro fracture were developed. (3) The development of pore within the Jurassic shale in the Tarim Basin is controlled from three aspects, namely material composition of rock, diagenesis and later tectonic reworking. Among them, the effects of compaction, hydrocarbon generation of organic matter and corrosion of diagenesis are more obvious. Besides, mineral composition and organic matter abundance are the material basis for forming reservoir space of shale and decide the compaction resistance, hydrocarbon-generating potential, corrosion capacity, solubility and brittleness of shale in the later burial and evolutionary process; compaction is the major pore-reducing factor; hydrocarbon generation of organic matter, corrosion and tectonism are important pore-increasing factors.
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